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ABSTRACT: Variable-temperature powder X-ray diffraction studies have been used to monitor dramatic changes in the thermal 
expansion properties of zeolites with the LTA topology on changing the pore contents.  Detailed structural analysis was performed 
on dehydrated Li-, Na-, K-, Rb- and Cs-exchanged zeolite A, and a comparison made with their purely siliceous analogue ITQ-29.  
Mean thermal expansion coefficients were also determined for the hydrated alkali-metal-exchanged forms.  Thermal expansion 
behaviour ranging from negative to positive was observed as different monovalent cations were included in the zeolite pores.  Cati-
on-induced strain to the zeolite framework has been shown to play a significant role in the thermal expansion mechanism of LTA-
zeolites.  Atomic-scale mechanisms behind the thermal expansion behavior have been deduced for ITQ-29, dehydrated Ag-A and 
dehydrated Na-A systems.   
Introduction 
Materials that exhibit unusual physical properties attract 
considerable attention in modern day research for their poten-
tial application in a wide variety of fields.  Negative thermal 
expansion (NTE) is an extraordinary phenomenon where ma-
terials contract in volume on heating (or expand on cooling).  
Although a familiar property of ice, only a small number of 
other solids have been shown to display this remarkable ther-
mal behavior including some metal oxides,
1-2
 metal cyanides,
3
 
polymers
4
 and zeolites.
5-11
  Zeolites are microporous materials 
that can accommodate a wide variety of cations in their struc-
tures.  It is important to understand how zeolites behave as a 
function of temperature as they are used in many commercial 
applications including petroleum production, pollution control, 
chemical sensing and gas separation.  Extensive research on 
purely siliceous zeolite structures has been carried out in re-
cent years, which has shown that NTE is the commonly ob-
served thermal behavior for this class of compounds rather 
than the unexpected.
5-12
   
An accepted mechanism for NTE in siliceous zeolites is 
that correlated structural vibrations take place that do not sig-
nificantly distort the individual SiO4 tetrahedra, so-called ‘rig-
id unit modes’ (RUMs).
12
  Figure 1 illustrates how the cooper-
ative rotation of the corner-linked rigid tetrahedra (shown for 
only 4 tetrahedra for clarity) about their T–O–T linkages 
(where T = Si or Al) can result in an overall unit cell volume 
reduction in zeolites with the LTA topology.  Thermal excita-
tion resulting in this vibrational mode becomes more prevalent 
as energy is introduced into the system.  Relatively little atten-
tion has been paid to aluminum-containing zeolites where the 
structures and properties are known to be particularly sensitive 
to the extra-framework charge-balancing cations and guest 
molecules in the pores.
13-18
  For this reason, it is important to 
understand what effect changing the contents of the zeolite 
pores has on its thermal expansion properties.  Couves et al.
16
 
reported that zeolite Na-X showed NTE behavior over a sub-
ambient temperature range, but no structural details were pro-
vided.  Other studies on zeolites Ba-Y,
13
 HZSM-5,
15
 and Pb- 
and Cd-RHO
14
 have shown that varying the water content in 
the zeolitic pores can have a significant effect on the thermal 
expansion behavior but these studies did not provide detailed 
atomistic information and were complicated by dehydration 
during the course of the high temperature measurements.   
In previous work,
18
 we investigated the effect of modifying 
the pore contents of LTA zeolites by studying the dehydrated 
and hydrated forms of silver zeolite A 
(Ag96[Al96Si96O384]wH2O), as well as its purely siliceous ana-
logue ITQ-29 ([Si24O48]).  The LTA structure is composed of 
β-cages that are linked via double 4-rings forming larger α-
cages in-between. Three main sites are available in this struc-
ture for non-framework cations to occupy: the single 6-ring 
(S6R), single 8-ring (S8R) and near the double 4-ring (D4R) 
(figure 1). Dramatic changes in the thermal expansion behav-
ior from strong negative to weak positive were reported as the 
zeolite pore contents were modified.  Detailed structural 
mechanisms were proposed for the anhydrous structures but 
not for the hydrated system due to the high degree of disorder 
in the pore contents.   
Here we report an extended investigation into the effect 
that differently sized monovalent cations have on the thermal 
expansion behavior of zeolites with the LTA topology by 
studying the dehydrated and hydrated lithium (Li-), sodium 
(Na-) potassium (K-), rubidium (Rb-) and caesium (Cs-) ex-
changed forms of zeolite A.  Variable-temperature high-
resolution powder X-ray Diffraction (XRD) studies were car-
 ried out in a sub-ambient temperature range (100–300 K) to 
avoid compositional changes arising from dehydration.  Previ-
ously reported work on the dehydrated Ag-A and ITQ-29 sys-
tems are also reviewed in order to set the discussion in con-
text.  A long-term objective of this work is to determine the 
structural mechanisms behind the complex thermal expansion 
behavior in aluminum-containing zeolites and to establish 
whether it is possible to tune zeolite materials chemically to 
produce a desired coefficient of thermal expansion (such as 
zero) for potential applications. 
 
Figure 1 – Representation of the framework of the cubic LTA 
structure (Si/Al=green, O1 = black, O2 = red and O3 = blue) 
viewed down [100].  
Experimental 
Na-A was prepared using the IZA-verified zeolite A prepa-
ration.
19
  Ion exchange reactions were used to prepare the Li-, 
K-, Rb- and Cs-forms of zeolite A by stirring Na-A with the 
appropriate 0.1 mol dm
–3
 nitrate solution under gentle heat 
(40–50°C) for 24 hours.  In order to maximize the degree of 
ion exchange, this reaction was repeated a number of times as 
summarized in table 1.  Powder XRD was used to check the 
crystallinity of the exchanged zeolites and XRF analysis for 
the confirmation of elemental composition.  Full cation ex-
change was not achieved for Rb0.79Na0.21-A and Cs0.58Na0.42-A, 
as the crystallinity of the zeolites greatly deteriorated after 
more than 10 ion exchanges.   
Dehydration was achieved by heating the zeolites at 673 K 
for 12 hours under vacuum (10
−6
 mbar).  All dehydrated sam-
ples were then stored and prepared for analysis in an argon-
filled glove box.  Variable-temperature powder synchrotron 
XRD data were collected at 20 K intervals for dehydrated zeo-
lite A samples on beamline I11 [λ = 0.82741(2)  Å] at the Di-
amond Light Source, UK, using the multi-analyzing crystals 
(MAC) detector.
20
 The wavelength was precisely calibrated 
using a high quality powder standard of Si (SRM640c). All 
samples were loaded into 0.5 mm diameter borosilicate glass 
capillaries and flame-sealed.  Pawley
21
 and Rietveld
22
 refine-
ments were performed using the computer software TOPAS.
23
 
Zeolite A was indexed in space group Fm ̅c (a ≈ 24 Å).  
Thermal parameters of like atoms were grouped in each 
Rietveld refinement  Due to their poor scattering ability, the 
occupancies of the Li
+
 cations were fixed.  Successful Rietveld 
analysis was not possible for any of the hydrated systems due 
to the high disorder of the zeolite pore contents.  Bond valence 
sums and partial charge values were determined using the 
methods described by Brown
24
 and Sanderson,
25
 respectively. 
Results 
The size and position of the intrapore alkali-metal cations 
were shown to have a considerable effect on the thermal ex-
pansion behaviour of zeolite A.  Table 2 details all of the cal-
culated mean coefficients of thermal expansion,   ̅̅ ̅(100–300 K), 
for the dehydrated and hydrated cation-exchanged forms of 
zeolite A; those of Ag-A and ITQ-29 are also shown for com-
parison.
18
  Weak NTE behaviour was observed for dehydrated 
Na-A with a   ̅̅ ̅(100–300 K) coefficient similar to that of dehydrat-
ed Ag-A. This seems consistent with the ionic radii of Na
+
 
(0.99 Å) and Ag
+
 (1.00 Å), which are comparable.
26
  More 
surprisingly, however, weak positive thermal expansion (PTE) 
was observed for dehydrated Li-A and K-A, and extremely 
weak NTE behaviour was observed for the dehydrated 
Rb0.79Na0.21-A and Cs0.58Na0.42-A systems.  PTE behaviour was 
observed in all the hydrated zeolite A systems studied.  Larger 
  ̅̅ ̅(100–300 K) coefficients were determined as the cationic size 
increased in the fully-exchanged hydrated zeolite A systems, 
however, smaller   ̅̅ ̅(100–300 K) values were calculated for the 
partly exchanged systems.   
 
Two different cation positions, similar to those reported in 
the literature,
27-33
 were identified for the dehydrated alkali-
metal-exchanged zeolite A systems: the S6R and S8R sites.  
Together these sites can accommodate 88 of the 96 monova-
lent cations per unit cell necessary to balance the anionic 
Table 2 – Calculated mean volume thermal expansion coef-
ficients from 100 K to 300 K of the LTA systems studied.  
LTA System 
Mean Volume Thermal Ex-
pansion Coefficient / 10–6 K–1 
Dehydrated Hydrated 
 ITQ-29  –22.1 - 
Li-A   0.79 16.5 
Na-A –6.34 18.8 
Ag-A –7.68 - 
K-A   2.03 32.6 
Rb0.79Na0.21-A –0.78 11.9 
Cs0.58Na0.42-A –1.76 14.0 
 
Table 1 – Ion exchange details for the preparation of Li-, Ag-, 
K-, (Rb0.79Na0.21)- and (Cs0.58Na0.42)-A. 
Sample 
No. of ion 
exchanges  
Calculated unit cell for-
mula from XRF results 
Li-A  8 Li92Na4(Al96Si96O384) 
K-A 8 K93Na3(Al96Si96O384) 
Rb0.79Na0.21-A 10 Rb76Na20(Al96Si96O384) 
Cs0.58Na0.42-A  10 Cs56Na40(Al96Si96O384) 
 
 charge of the framework. A further potential cation site was 
identified near the D4R units but was not included in refine-
ments owing to very low occupancy (<0.01).  Small cations, 
such as Li
+
 and Na
+
, were shown to be able to fit in the centre 
of the S6R and occupy similar cationic positions to those ob-
served in dehydrated Ag-A.  In contrast, larger cations such as 
K
+
, Rb
+
 and Cs
+
, were not able to fit into the S6R and were 
identified in sites either side of the S6R in the α-cage (S6Rα) 
or β-cage (S6Rβ), as well as in a more centralized S8R posi-
tion (figure 2).  
 
Figure 2 – Positions of the small and large cations in the S6R (a 
and b) and S8R (c and d) of zeolite A (light blue = Al, dark blue = 
Si, red = O(2), green = O(3), yellow = small cation and purple = 
large cation). 
Discussion 
The effect of exchanging different monovalent cations into 
zeolite A resulted in varying amounts of strain being put upon 
the framework as shown in the calculated Si–O–Al and O–T–
O bond angles (see supplementary information).  This in turn 
had a huge impact on the thermal expansion behavior as dis-
cussed below.  Previously,
18
 we showed that the strong NTE 
behavior observed for ITQ-29 is caused by the rotation of rigid 
SiO4 tetrahedra.  The framework of ITQ-29 bears no net 
charge, therefore its pores contain no exchangeable cations or 
guest water molecules. This allows for a direct comparison of 
the thermal expansion behavior of vacant and occupied LTA 
frameworks.  Significant changes in the Si–O–Si angles were 
observed upon heating which led to a 0.46 % contraction in 
the unit cell volume.  The Si–O(1)–Si bond angle decreased by 
6.39 % on heating causing the O(1) to move towards the cen-
tre of the S8R.  In contrast, the Si–O(2)–Si and Si–O(3)–Si 
bond angles both increased by 6.29 % and 1.26 %, respective-
ly, causing O(2) to move away from the centre of the S8R 
towards the plane of the S6R and O(3) to move towards the 
centre of the D4R.  These changes in the Si–O–Si bond angles 
indicated that correlated rotation of the rigid tetrahedra upon 
heating caused the unit cell to contract in volume as shown in 
figure 3a (crystallographic oxygens have been colour coded 
for clarity).  The Si–O(1)–Si bond angle was shown to play a 
key role in the thermal expansion behavior of ITQ–29 as it 
was the only bond angle to decrease in value upon unit cell 
contraction.  This bond angle bridges the D4R (connecting the 
β-cages) and contracted the Si–O(1)–Si distance by ~1% on 
heating in ITQ-29. 
 
Figure 3 - Single α-cage in a) ITQ-29, b) dehydrated Ag-A and c) 
dehydrated Na-A down [100] plane illustrating the changes in Si–
O–Al and O–T–O bond angles on heating (dark blue = Si, light 
blue = Al, black = O(1), red = O(2), green = O(3), yellow = Ag+ 
and orange = Na+).  Purple arrows indicate movement of atoms 
upon heating. 
Considerable changes in the thermal expansion behavior 
and mechanism were observed when Ag
+
 cations were includ-
ed in the zeolite pores.
18
  Weak NTE behavior was observed 
 for dehydrated Ag-A with a   ̅̅ ̅(100–300 K) value of 
−7.68 x 10
-6
 K
-1
.  This equates to a unit cell volume contrac-
tion of 0.17 % upon heating, much smaller than that observed 
in ITQ-29.  As shown in figure 3b, the Si–O(1)-Al bond angle 
decreased on heating as it did in ITQ-29 but by the smaller 
amount of 3.49 %.  However, the Si–O(2)–Al and Si–O(3)–Al 
angles did not increase, but remained roughly constant over 
the whole temperature range.  Significant distortions in the 
TO4 tetrahedra were observed upon heating.  The O(1)–T–
O(2) angle decreased by ~2.5° upon heating from the ideal 
value and O(1)–T–O(3) angle increased by ~2°.  Taken to-
gether, these results suggested that the intrapore Ag
+
 cations 
had an anchoring effect on the framework O(2) and O(3) at-
oms, which restricted the rotation of the TO4 tetrahedra on 
heating.  This resulted in a distortion of the tetrahedra and a 
much smaller contraction ~0.22% of the Si–O(1)–Al distance, 
mirrored by a considerably reduced overall unit cell contrac-
tion compared to ITQ-29.  Cations in the S6R site were con-
sidered the most likely cause of the anchoring effect.  
Despite their similarities in thermal expansion behaviour, 
table 2, significant differences in the structural mechanism 
behind the NTE were determined for dehydrated Na-A and Ag-
A, (figures 3c and 4).  In dehydrated Na-A, the Si–O(1)–Al and 
Si–O(2)–Al bond angles increased on heating by 2.04% and 
1.36%, respectively.  In contrast, the Si–O(3)–Al bond angle 
decreased upon heating by 0.44%.  These trends in the Si–O–
Al bond angle were completely different to those observed in 
dehydrated Ag-A and from previous observations, an increase 
in the Si–O(1)–Al should have resulted in a thermal expansion 
of the unit cell not a contraction.  However, through a closer 
examination of the O–T–O bond angles, the thermal contrac-
tion can be explained.  As shown in figure 5 considerable dis-
tortions away from the ideal TO4 tetrahedra were observed at 
low temperature in dehydrated Na-A. At 100 K, the O(3)–T–
O(3) and O(1)–T–O(2) bond angles decreased by ~4.4% and 
~2.3%, respectively, from their values at 300 K whereas the 
O(2)–T–O(3) and O(1)–T–O(3) increased by 1% and 2.2%.  
Taken together the changes in the Si–O–Al angles and distor-
tions in the TO4 tetrahedra resulted in a contraction in the Si–
O(1)–Al distance by 0.16% and an overall NTE over the whole 
temperature range. 
 
Figure 4 – a) Calculated unit cell volume for dehydrated Na-A 
from 100–300 K (small error bars at 3σ level, not visible on this 
scale). b) Si–O–Al bond angles in dehydrated Na-A from 100–
300 K (errors at 3σ level). 
 
Figure 5 – Calculated O–T–O bond angles for dehydrated Na-A 
from 100–300 K.  
As shown in figure 3c one of the most significant effects of the 
changes observed on heating dehydrated Na-A was to reduce 
the Na–O distances of cations in the S6R sites, which did not 
occur to a significant extent in Ag-A.  Although the Na
+
 ion is 
slightly smaller than Ag
+
 in coordination numbers greater than 
four, the very different thermally induced structural changes 
observed in dehydrated Ag-A and Na-A suggest that the ther-
mal expansion mechanism in zeolite A structures is not solely 
dependent on the ionic size of the monovalent cations inside 
the pores.  Bond valence sums, atomic partial charges and M
+
–
O distances were calculated and compared to determine if an 
electronic contribution also had an effect on the thermal ex-
pansion mechanism (tables 3–5).  Although relatively little 
difference in the calculated M
+
–O bond distances was ob-
served when dehydrated Na-A and Ag-A were compared, sig-
nificant differences were determined in the calculated bond 
valence sums and estimated partial charge values.  As shown 
in tables 4 and 5, slightly higher coordination of the cations 
was calculated for dehydrated Ag-A as well as a considerably 
smaller partial charge.  This suggests that greater covalency in 
the Ag
+
–O bonds was present in dehydrated Ag-A which may 
underlie the different thermal expansion mechanisms.  At 100 
K the tetrahedra in Na-A were significantly distorted and the 
reduction in distortion on warming from 100–300 K (table 3 
and figure 5) could contribute to driving the structural changes 
observed.  In contrast, at 100 K the tetrahedra in Ag-A were 
relatively undistorted, which may reflect the more covalent 
bonding and possibly also cluster formation in Ag-A.
34 
  
 
 
For the remaining anhydrous systems, the general trends in 
the thermal expansion behavior can be analyzed by plotting 
the Si–O–Al bond angles vs tilt angle,   (figure 6).  Depmei-
er
35
 first reported this relationship when investigating distor-
tions in the zeolite A framework and defined the tilt angle as 
the angle between the T–O(1) bond and a plane parallel to the 
unit cell face: 
 Tilt angle = ½([Si–O(1)–Al]° – 109.47°) (1) 
As shown in figure 6, clear trends in the Si–O–Al bond 
angles were observed at 300 K as the size of the cations inside 
the zeolite framework varied (ITQ-29 has also been included 
for comparison).  A linear increase in the Si–O(1)–Al bond 
angle was observed as the size of the zeolite cations decreased, 
whereas a decrease was observed in the Si–O(2)–Al and Si–
O(3)–Al bond angles.  Through comparing figure 6 with the 
mean volume thermal expansion coefficients, it can be shown 
that NTE behavior was only observed in zeolite A when the 
framework was relatively unstrained    = 15–25) i.e. when 
the Si–O–Al bond angles are similar and the cations are a 
good fit for the zeolite 6-ring.  Even in this region, however, 
the TO4 tetrahedra are restricted by coordination to the cations 
and cannot rotate freely as they can in ITQ-29.  This results in 
distortions to the TO4 tetrahedra and weaker NTE coefficients.   
When larger or smaller cations were included in the pores, 
greater strain was introduced into the zeolite A framework 
causing the Si–O–Al bond angles to take more extreme values.  
In these regions (  = 5–15 and 25–35) rotations or changes in 
the geometry of the TO4 tetrahedra upon thermal excitation 
appear to be restricted due to cation-induced strain in the 
framework.  This was well illustrated in the dehydrated Li-A 
and K-A systems where virtually no change in the Si–O–Al 
and O–T–O bond angles was observed over the whole temper-
ature range (figures 7 and 8).  Cations occupying the 6-ring 
position seemed to have the greatest effect on the framework 
strain in zeolite A and consequently its thermal expansion 
behavior.  In dehydrated Rb0.79Na0.21-A, approximately 69% of 
the S6R positions were occupied by large Rb
+
 cations and an 
extremely weak NTE coefficient was observed.  In dehydrated 
Cs0.58Na0.42-A, only ~38% of the S6R positions were occupied 
by Cs
+
 cations and a larger NTE coefficient was observed.  
This apparent correlation of thermal expansion coefficient 
with amount of Na
+
 cations in the S6R could in principle pro-
vide a means of chemically tuning the coefficient to a desired 
value or zero.    
 Figure 6 – Graph illustrating the relationship between the T–O–T 
angles and tilt angles in all of the dehydrated LTA systems at 300 
K. 
 
Figure 7 – Calculated Si–O–Al bond angles for dehydrated Li-A 
from 100–300 K.  
Table 5 – Calculated partial charge on cations in dehydrated 
Ag-A and Na-A  
Atom 
Calculated Partial Charge 
Ag-A Na-A 
M+ 0.04 0.68 
 
Table 4 – Calculated bond valence sums for cations in the 6-
ring and 8-ring in dehydrated Ag-A and Na-A at 300 K and 
100 K (R0 = 1.842 for Ag–O and 1.803 for Na–O)  
M+– O Bond 
Bond Valence 
Ag-A Na-A 
300 K 100 K 300 K 100 K 
S6R 
M–O(2) ×3 0.042 0.042 0.047 0.047 
M–O(3) ×3 0.249 0.260 0.229 0.223 
Total 0.873 0.906 0.828 0.810 
S8R 
M–O(1) ×1 0.160 0.135 0.184 0.184 
M–O(2) ×1 0.267 0.253 0.156 0.144 
Total 0.427 0.388 0.340 0.328 
 
Table 3 – Calculated M+–O bond distances in dehydrated Na-A 
and Ag-A 
M
+
– O Bond 
Bond Length / Å 
Ag-A Na-A 
300 K 100 K 300 K 100K 
S6R 
M–O(2) 3.016(9) 3.016(7) 2.936(4) 2.933(3) 
M–O(3) 2.356(6) 2.341(6) 2.349(3) 2.358(3) 
S8R 
M–O(1) 2.52(1) 2.582(9) 2.43(1) 2.43(1) 
M–O(2) 2.33(2) 2.35(1) 2.49(1) 2.52(1) 
 
  
Figure 8 – Calculated Si–O–Al bond angles for dehydrated K-A 
from 100–300 K.  
Conclusions 
Strong NTE behavior in the purely siliceous form of the 
LTA structure, where the pores of the zeolite are vacant,  re-
sults from rotation of the rigid SiO4 tetrahedra upon thermal 
excitation causing a decrease in the zeolite pore volume and an 
overall contraction of the unit cell.  When cations were present 
in the structure, the rotation of the TO4 tetrahedra was restrict-
ed.  Depending upon the size of the cations, different levels of 
strain were introduced into the zeolite framework.  Ideally 
sized cations such as Ag
+
 and Na
+
 were able to fit perfectly 
into the zeolite S6R and caused the least amount of strain.  
Nevertheless, cation binding caused rotation of the TO4 tetra-
hedra to be restricted in dehydrated Na-A and Ag-A resulting 
in a distortion of the tetrahedra and a weaker NTE coefficient.  
Cations that were not a good fit for the S6R (such as K
+
 and 
Li
+
) introduced much greater strain to the zeolite framework 
and significantly changed the Si–O–Al bond angles.  In these 
systems significant movement of the TO4 tetrahedra upon 
thermal excitation was prevented resulting in weak PTE.   
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